Abstract-The need for high capacity and bandwidth in broadband communication systems increased rapidly in a few past years. Optical fiber is now the major transmission medium for fast and reliable communication replacing the old copper-based connections. However, with the deployment of optical networks, number of problems arise. The main problem of optical networks is the amplification in the long-distance transmission. Erbium doped fiber amplifier (EDFA) is the leading technology in the field of optical amplifiers. It uses erbium doped fiber to amplify optical signal. The importance of amplification in optical domain is relevant in long-haul and high-speed transmission systems. In this paper the study of the EDFA is presented. Based on an analytical study, the simulation model of the EDFA is created. The main aim is to determine the optimal parameters of the EDFA for a longhaul 16-channel DWDM (Dense Wavelength Division Multiplexing) system. The performance of the proposed DWDM system is mathematically analyzed using BER (Bit Error Rate) and Q factor.
I. INTRODUCTION
The basic pillar for long-haul fiber optical systems are optical fiber amplifiers. When transmitting the optical signal over long distances, the signal is attenuated due to absorption. It is necessary to use optical amplifier. The basic, worldwide used optical amplifiers are erbium doped fiber amplifier (EDFA), semiconductor optical amplifier (SOA) and Raman optical amplifier (ROA). The advantage of these amplifiers over the repeaters is that they do not need to convert the optical signal to an electrical signal and then back to the optical one. Introduction of optical amplification was the major milestone in the evolution of optical transmission systems. Fully optical amplifiers spurred the development of a completely new generation of optical systems. The most used and the leading technology in the field of optical amplifier today is EDFA. The main advantage of EDFA is that it amplifies signals of multiple wavelengths simultaneously. It is the reason of rapid development of long-haul and WDM (Wavelength Division Multiplexing) systems [1] , [2] . This paper presents the simulation model of a long-haul optical communication system with EDFA. We analyze the properties of EDFA in order to find the optimal parameters for a long-haul 16-channel DWDM system with the transmission rate of 20 Gbps. Using BER and Q factor measurements, we analyze the received signal of a long-haul fiber optical communication system with EDFA.
II. OVERVIEW OF EDFA TECHNOLOGY
EDFA has revolutionized the full range of optical systems. It is the basic building pillar that has enabled high-speed connections on long-distance routes, and has contributed much to the development of the Internet in the way we now know it today. EDFA consists of a few hundred meters long erbium doped fiber (EDF), which is doped with precious soil with erbium. The principle was discovered in the sixties of the 20th century, but its economic manageability began to be commercialized in the nineties [1] [2] [3] [4] .
Today, it is an indispensable part of countless fiber optical systems around the world. Among the main advantages we can include the possibility of amplification at all wavelengths at the same time. Thanks to EDFA, the price of optical networks has dropped rapidly. Instead of one expensive single-wavelength repeater, one EDFA can be used for the entire wavelength spectrum in one optical fiber [5] .
In order to simplify interpretation, let's assume that erbium ions Er +3 can exist in at least two discrete states, either basic or excited. In thermal equilibrium, the number of ions found on individual energy levels is determined by Boltzman's distribution. Most of the ions are therefore in the base state with minimal energy. Interaction of such a set of ions with light energy quantum (photons) theoretically was explained by Albert Einstein. He talks about three different phenomena that can occur: absorption, stimulated emission and spontaneous emission [6] .
By absorbing a photon with an energy equal to the difference in energy levels, the ion in the base state is converted to the excited state. From an exploded metastable state, the ion can return to the base layer either spontaneously, with ISSN 1844 -9689 45 https://www.degruyter.com/view/j/cjece simultaneous photon emission with random polarization and phase, or is stimulated by another photon to emit the photon. In case of stimulated emission, both photons have the same polarizing and phase properties (we say that they are coherent) [1] , [6] and [7] . The active environment can be derived from thermal equilibrium, e.g. presence of a light source. If other influences do not act on an active environment, a sufficiently strong pumping will cause most of the ions to remain in the excited state permanently. If an optical signal is brought into the excited active environment, the optical emission photons will outweigh the stimulated emission above the absorption, and thus the signal will be amplified. Spontaneous emission photons contribute to the amplification of the amplifier noise. The atom excitation in EDFA is shown in Fig. 1 . The pump source can operate at 1480 nm or at 980 nm [1] , [5] and [8] . In the basic configuration EDFA consists of erbium doped fiber (EDF), the length of which may be up to 30 m, a light source (e.g., laser or LED), a wavelength selective coupler that allows to combine the information signal and the optical signal of the pump so that simultaneous transmission via EDF is possible and an optical isolator. The main function of optical isolator is to suppress laser oscillations and thus prevent feedback. At the EDFAs output, there is a narrowband optical filter that prevents spontaneous emission of the amplifier [9] , [10] [11] [12] [13] . The structure of EDFA in forward pump configuration is shown in Fig. 2 . The second pumping scheme is backward-pumping scheme (Fig. 3) . The pump wavelength travels in the opposite direction to the signal wavelength. The signal carrying information sequence is amplified while travelling in the opposite direction [12] , [14] . 
III. EXPERIMENTAL SETUP AND RESULTS
The experimental simulation models were created in the simulation software OptSim TM .
In the first simulation setup we created the model of EDFA. The structure of this model is shown in Fig. 3 . The data source -pseudorandom bit sequence generator (PRBS) has a set transfer rate of 10 Gbps. The logic generated by PRBS enters the optical generator. The generator uses NRZ encoding and uses a Ring filter. The generated optical signal enters the multiplex and then it is fed into the amplifier. The whole system is amplified in band C for a specific wavelength of 1550 nm. The leading pump is set to 980 nm with a power of 60 mW. In this connection, iteration was created to compare the gain, the noise figure (NF) and the spontaneous ASE emission. Throughout the iteration, the pumping power is in the range from 10 mW to 85 mW with an increment of 5 mW, followed by a value k with an increment of 0.1 from 0 to 0.3. In Fig. 4 , the maximum gain for the value k = 0 is shown, and it is also shown that with the increasing value of k the EDFA gain will decrease. The coefficient k is the relative number of clusters in the fiber. It is often expressed in percentage. The graph shows that the maximum gain is 44.7531 dB and the NF equals to 3.25729. The EDFA key component has a constant length of doped erbium fiber during all simulations -14 m and the fiber saturation in the fiber is set to 3.1015 m . Fig. 5 shows a change in pumping power relative to the change in EDF length. An iteration is created in which the pumping power is varied in the range of 20 mW to 85 mW with respect to the fiber length of the erbium doped fiber from 2 m to 20 m with an increment of 1 m. For a 35 mW pumping power, the optical output was -5.7233 dBm. At 50 mW, the power was changed to 2.5419 dBm, while at 65 mW power optical output was 3.9082 dBm, and at 80 mW the optical output was 4.9511 dBm. The 980 nm spectral model is rectangular, the loss is 6.2 dB.m ASE is a noise, essentially light generated by spontaneous emission, which is optically enhanced by the process of stimulated radiation emission in the fiber. ASE negatively affects the maximum gain we can theoretically achieve [15] [16] . In Fig. 7 and Fig. 8 we can see backward pumping and forward pumping at 10 mW. The forward pumping is more efficient at shorter EDF lengths. The effective range of wavelengths is also wider compared to backward pumping. However, the EDFA with the backward pumping is more efficient at longer lengths of EDF.
The main aim of this simulation was to observe the BER at a constant speed of 10 Gbit / s for 95 km, 105 km and 115 km long SMF (Single Mode Fiber) without in-line amplifying. The following parameters were set in this topology: The continuous wave (CW) laser has a set power of 10 mW, operating at a wavelength of 1550 nm, the electric generator is the NRZ type (the line coder), and the external modulator uses the MachZehnder modulator. The length of the SMF was changed from 95 km to 115 km with a 10 km increment to compare the BER values. Resulted values of BER are in Table I (values Min BER and Max BER denote the minimum and maximum BER for a given length). The SMF has a specific attenuation of 0.25 dB.km -1 according to the ITU-T-G.652.D standard. A receiver used a Bessel filter with a bandwidth of 9 GHz. The representation of the resulting values was based on the folowing equations:
where I 1 and σ 1 are mean values and variance output by Gaussian pulse 1 and I 0 and σ 0 are mean values and variance output by Gaussian pulse 0. Q or the Q factor is the function of the OSNR. It can represent the system tolerance in dB. In general, a smaller BER indicates a larger Q value and better link performance.
With 95 km long SMF, BER = 7.51x10 -14 , which is sufficient for a reliable pulse resolution on the receiving side. In the simulation at 105 km long SMF, BER = 1.44x10 -5 and at 115 km was BER = 9.14x10 -3 , which is no more suitable for optical communication systems.
ISSN 1844 -9689 47 https://www.degruyter.com/view/j/cjece With increasing bit rate and optical fiber length, BER and Q-Factor deterioration occurs on the receiving side. In Fig. 9 we can see the dependence of the Q-factor from the length of the optical fiber and the bit rate. At a bit rate of 20 Gbps and above, it is obvious that the quality of the line is inadequate and the BER is inadequate. In our proposed system, we increased the bit rate from 10Gbps to 40Gbps with an increment of 10 Gbps with the intention of observing the Q-factor dependence on the length of the optical fiber. In the previous simulation at a given bit rate, it was not possible to achieve greater distances then 115 km. For this reason, it is necessary to use in-line optical amplifiers that are continuously connected to the optical path. The most widely used in-line optical amplifier is EDFA. We used the EDFA amplifier set by the following parameters: the length of the erbium doped optical fiber was 14 m (best gain according to Fig. 6 ) while the laser wavelength was 980 nm with a pumping power of 4 mW.
To evaluate the performance of the EDFA in long distance transmission we set a 16-channel DWDM (Dense Wavelength Division Multiplexing) simulation model with transmission rate of 20 Gbps per channel. An optical loop was created to form the optical fiber line. This optical loop contained EDFA with a pumping source and a 95 km fiber that complied with the ITU-T G.652.D standard. The block scheme of the proposed setup is on Fig. 10 . Each channel is formed of 20 Gbps bit stream. The bit stream is electrically formed to NRZ shape and then modulated by MZM. Optical signal is generated by CW laser. The channel frequencies are placed in C-band in the range form 193.0 -194.6 THz according to ITU-T G.694.1 (Spectral Grids form DWDM). Channel spacing is 100 GHz. Receiver signal is analyzed in electrical domain and BER and Q factor values are calculated. For simplicity, only channel 6 (193.5 THz) is analyzed. , which is still acceptable for fiber optical transmissions. The largest distance that was measurable was 4085 km, with BER = 1.55x10 -4 , and this value is also not acceptable (NA) for optical communications. This system can be applied to a 3325 km long distance transmission. The eye diagram of received signal after 2375 km is on Fig. 11 and after 3325 km on Fig. 12 . An important parameter of the EDFA that influences the performance of DWDM system is the gain. The EDFA gain must be kept on a reasonable level due to the creation of fiber nonlinear effects. Nonlinear effects such as self-phase modulation (SPM), cross-phase modulation (XPM) and fourwave mixing (FWM) are power sensitive, which means that their influence raise as the certain power threshold is reached. In the next simulation, the EDFA gain is varied to find the optimal value for the long-distance transmission DWDM system. The transmission distance in this simulation is set to ISSN 1844 -9689 48 https://www.degruyter.com/view/j/cjece Output optical spectrums of a 16 wavelength channels with in-line EDFA with the gain of 15 mW and 32 mW are in Fig.  13 . From the experimental results we can see that optical power of individual wavelength channels gradually decreases as the gain increases. This phenomenon is caused by the nonlinear interaction in optical fiber core. It can be seen, that the nonlinear contribution of FWM is small and no new spectral components between adjacent channels nor sidebands are present. However, the signal degrades as the EDFA gain is increasing. The purpose of this simulation setup was to find the optimal EDFA parameters for long-haul DWDM transmission at high bit rates. In the right EDFA configuration, this amplifier can be used for remote connections. A very important parameter is transmitting power. However, with higher transmission power, non-linear effects may occur. On the basis of the proposed longhaul fiber optical link, it was possible to determine the optimal parameters: transmission power, noise number or length of EDF. EDFAs are used to continuously amplify signals in the optical path after approximately 95 km to 105 km. Based on these simulations, an optical loop was created to overcome the maximum overlapping distance with an acceptable BER at the output. We were able to create a topology 3325 km long, where the optical signal was regenerated every 95 km. In the given system we increased the bit rate, but at the expense of the distance.
